Active control techniques are often required to mitigate the micro-vibration environment existing on board spacecraft. However, reliability issues and high power consumption are major drawbacks of active isolation systems that have limited their use for space applications. In the present study, an electromagnetic shunt damper (EMSD) connected to a negative-resistance circuit is designed, modelled and analysed. The negative resistance produces an overall reduction of the circuit resistance that results in an increase of the induced current in the closed circuit and thus the damping performance. This damper can be classified as a semi-active damper since the shunt does not require any control algorithm to operate. Additionally, the proposed EMSD is characterised by low required power, simplified electronics and small device mass, allowing it to be comfortably integrated on a satellite. This work demonstrates, both analytically and experimentally, that this technology is capable of effectively isolating typical satellite micro-vibration sources over the whole temperature range of interest.
taken into account, as well as stability conditions derived from considering an operating temperature range from −20
• C to +50
• C.
six degrees of freedom. However, this configuration is aimed at obtaining a first 95 assessment of the damper performance that can then be compared with other 96 well-established damping solutions [3, 18, 28] . In particular, special attention 97 is given to the transfer function between the input force (i.e. the disturbance 98 forces produced by the reaction wheels) and the force transmitted to the ground.
99
In this study, the mass of the satellite where the reaction wheels are connected 100 to has been assumed to be several orders of magnitude bigger than the reaction 101 wheels, and hence the ground can be considered fixed in space. 
This results in an electromotive force equal to:
where it can be seen that the magnetic field contributes to the induced voltage 117 only with the radial component.
118
In the micro-vibration load case, it can be assumed that the magnetic field 119 seen by the conductive material is constant in time, since the relative displace-120 ment is in the order of magnitude of tenths of a millimetre, and so its variations 121 are almost negligible. Also, given the small cross section of the electromagnet,
122
one can assume a linear trend of the magnetic field along the radial axis inside 123 the coil. Therefore, Eq.(3) can be simplified as:
where n t is the number of turns of the coil, r avg is the average radius of the con-125 ductor, andB r is the average radial component of the magnetic field through the 126 coil cross section. K d is defined as the electro-mechanical transducer coefficient.
127
Once the induced current is generated, it couples with the surrounding mag-128 netic field to produce the Lorentz force. This force is described by the equation:
Adopting the same assumptions used for the electromotive force, and since 130 d l has the only component alongφ, the damping force F d can be expressed as:
These two laws considered together demonstrate that the force produced by 132 a permanent magnet which moves close to a conductive material is proportional 133 in magnitude and opposite in direction to their relative velocity. Therefore, this 134 kind of force opposes the movement of the magnet and acts like a damping force.
135
The system shown in Fig. 1 can be modelled by including Eqs.(4) and (6) 136 in a fully-coupled system of four equations: 
Negative resistance

183
The use of negative resistance in the shunt (R s ) produces a reduction of the 184 overall circuit resistance that results in an increase of the electric current, I, resistance of the shunt is,
By considering the resistances R 2 and R 3 to be equal to each other, the 196 shunt produces a negative resistance R s = −R 1 . In terms of stability, this 197 circuit tends to be stable as long as the resistance of the electromagnet, R e , is 198 greater in magnitude than the shunt resistance, R 1 (this aspect will be taken 199 into account in the next paragraph). The supplied power required by the shunt 200 circuit can be expressed as
where can be obtained as:
where I rms is the rms value of the op-amp output current. • C.
240
During the analysis it was assumed that the energy dissipated by the coil 241 through Joule heating was removed from it (only through conduction due to the typical of a mass-spring system.
262
The shift of the corner frequency at low temperatures is due to the swap of of the test rig was built on Patran and analysed with Nastran (see Fig. 7 ).
297
This finite element analysis showed that the test rig behaves as a SDOF up to 
Experimental results and discussions
321
The present study verifies the analytical model of Eq. (7) with experiments.
322
The test rig was mounted on a Kistler 4.12 dB, a cut-off frequency at about 10 Hz, and a roll-off slope of −40 dB/dec.
350
For this case, it can be seen that the additional mechanical damping that was
351
previously added has almost a negligible effect on the damper performance.
352
The analytical model was further evaluated through the analysis of two other can be obtained by modifying the output vector in Eq. (9) as follows:
These two outputs are measured respectively through accelerometers placed 
363
The maximum power required by the shunt (0.53 W) was registered at 5.60
364
Hz, where the highest current was drawn from the power supply. In particular, 365 the current flowing in the electromagnets had an amplitude of 70 mA, and using
366
Eq. (12) the average power required by the shunt at 5.60 Hz is obtained as:
This value of the average power of this semi-active system is considerably In the present work, a negative-resistance EMSD has been studied both an- 
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